Abstract -Lithium niobate (LiNb03) is a popular material for. the implementation of many photonic devices, but most often for broadband electro-optic (EO) modulators.
A. Introduction
Recently, increasingly efficient and highly broadband optical modulators in lithium . niobate (LiNb03) have been developed [1] . Key to the performance of these devices are the properties of the traveling wave electrode structure that carries the RF signal to be transferred onto the optical carrier. The attenuation must be as low as possible, and the microwave and optical effective indices must be carefully matched. Many novel concepts for index matching in these electrode structures have been proposed. Several of the more successful demonstrations [1] utilise etched trenches to reduce the microwave index by including air in the trenches between the electrodes to lessen the effect of LiNb03' s high dielectric constant and thus the achieve velocity matching between the optical carrier and the electrical signal.
As a first step in the pursuit of such optimal electrode structures, this paper investigates and characterises the wet etching rate for X-cut and Z-cut LiNb03. The process is based on proton exchange (PE) in benzoic acid (C6HsCOOH) followed by etching of the exchanged material in a mixture of HF and RN03 [2] . A detailed analysis of the etch-rate for several different etching environments for both material cuts and with both positive and negative faces is presented. Etch depths of several microns are achievable in all cases with practical sidewall roughness and incline. No preference for etching of the positive or negative faces is found for X-cut material, while for Z-cut, although the two faces behave differently, practical etching is possible for each. An investigation of accelerating the procedure has resulted in 18�m ridges being achieved within 3 hours of etching on the PE +Z-cut face.
B. Theory of Etching
The use of chemically etched LiNb03 has been reported previously [2, 3, 6] . To understand and interpret the nature of the etching of LiNb03, it is useful to examine the chemistry of the PE wet etch process. PE involves indiffusion of protons (Hl from a proton source into and out-diffusion of interstitial ions (Lil from the crystal lattice. Theoretically, this is a one to one proton replacement process. We used benzoic acid as our proton source.
The process can be summarised by the following chemistry equilibrium condition [4] :
The PE LiNbOJ is less resilient than un-exchanged LiNb03 and thus it may be preferentially etched using HF acid diluted with HN03• Under the correct conditions, PE of +Z oriented LiNb03 leads to ferroelectric domain inversion, resulting in -Z orientation. The contrast between the HF etch rates of +Z and -Z domains is particularly strong making this process an excellent technique for patterning of regions to be etched.
C. Proton Exchange and Wet Etching Method
Patterned masks in both Cr (3000A) and Ti (lOOOA) were deposited on samples of four orientations (+Z, +X, -Z and -X) using e-beam evaporation and lift-off photolithography. Eight samples in all were then subjected to the same PE process.
To perform the PE, the samples were mounted onto a Teflon holder and immersed in a Pyrex beaker of molten benzoic acid at 240°C for 6 hours. An airtight Teflon cover was used to minimise the effect of differential evaporation. In order to stabilise and maintain the bath temperature within ±O.loC, the entire unit was immersed in a Silicone oil bath. A magnetic stirrer was used to ensure a fresh proton source flowing continuously to the sample.
After PE, the whole tinit was allowed to cool to l20°C and the sample was removed and immersed into preheated DI water and allowed to cool further to room temperature CRT). The recrystallised acid on the sample was removed using heated chloroform and then DI water.
The PE masks survived the process and were retained as a mask for the wet etch procedure.
The unmasked portions of the sample were then etched by immersion in a mixture of two parts HN03 and one part HF for several hours. The wet etch was conducted at room temperature and also at an elevated temperature. The room temperature etch was sustained for about 7 hours. The elevated temperature was conducted for only 3 hours, starting at a temperature of 70°C for the first hour, reducing to 40°C for the second hour and then 25°C for the third hour. This was done to allow rapid coarse etching initially and to fmish with slower etching rate with a polishing effect.
Ultrasonic agitation was used during all etching procedures to prevent precipitates depositing on the surface and to ensure a smooth uniform finish. After etching, the PE mask was removed and the sample was cleaned with isopropyl alcohol and running DI water.
D. Results and discussion
The surface morphology of the etched samples was examined using a stylus type profilometer and scanning electron microscope (SEM). Also, X-cut material exhibits no difference in etch-rate for positive and negative faces, which is not often emphasised in other studies [6] . The formation of ridges on the X-cut material is due only to the preferential etching of disrupted PE region and is unlikely to be assisted by domain inversion as is the case with Z-cut material. Also, X-cut LiNb03 is found to be more susceptible to surface damage due to strain induced by high exchange temperature, long exchange time and/or temperature shock than Z-cut material, precluding the use of elevated temperature etching to accelerate the etching process. Thus, the achievable depth and etch rate in X-cut material is significantly less than that achievable with Z-cut. The -Z oriented LiNb03 is more difficult to domain invert than the +Z orientation for reasons analogous to -Z face in LiTa03 [8] . It is thus likely then that the preferential etching of the exposed material is due mostly to the disruption of the crystal caused by the PE process. This is supported by the gradual sidewall angle evident in- Figure Ic) . The etching was faster and deeper than that of both X-cut types. This is due to the application of elevated temperature etching. The +Z orientation offers the .fastest and deepest etching. Strong preferential etching is observed as evidenced by the very abrupt sidewaIls at the top of the ridge in Figure la) . This is likely primarily due to domain inversion of the +Z crystal to -Z.
The etching then continues with an angled wall. It is proposed that this junction occurs at the diffusion depth of the H+ ions in the PE procedure. Crystal disruption, due to the PE process, along with elevated temperature further contributes to this very fast and deep etching.
Previously reported results [2] [3] [4] [5] [6] [7] present further discussion of the differences between PE/wet etch characteristics for various forms of LiNb03.
To examine the etch rates of the various LiNb03 orientations in detail, samples of +Z, -Z and +X cut LiNb03 were PE using 1000 A Ti mask and etched at room temperature.
The etching was interupted every 15 minutes and the sample removed and cleaned in DI water and then profiled. The resulting ridge height as a function of etch-duration is presented in Figure 3 . Etching for the two Z-cut samples begins rapidly, but slows after a few microns .of etching. It is proposed that this slowing occurs as the PE domain boundary is reached. In contrast, the X-cut sample etches more slowly, but the rate reduces steadily with time rolling off slowly towards the end of the process. It is proposed that the depletion of the etchant is responsible for this roll off. The deeper etching in +Z material can be attributed to the strong differential etching condition in the selectively PE and domain inverted surface.
Etch depth vs time of X and Z·cut materials (room temp. etch) also been presented. The next step will be to examine the compatibility of this etch process with Ti indiffusion and also to investigate its impact on the electro-optic effect. This will then allow us to utilise these etched ridges in the realisation of optimised index matched electrodes on X and Z-cut material for high-speed broadband modulators.
